One longstanding mystery in bio-evolution since Darwin's time is the origin of the Cambrian explosion that happened around 540 million years ago (Mya), where an extremely rapid increase of species occurred. Here we suggest that a nearby GRB event 500 parsecs away, which should occur about once per 5 Gy, might have triggered the Cambrian explosion. Due to a relatively lower cross section and the conservation of photon number in Compton scattering, a substantial fraction of the GRB photons can reach the sea level and would induce DNA mutations in organisms protected by a shallow layer of water or soil, thus expediting the bio-diversification. This possibility of inducing genetic mutations is unique among all candidate sources for major incidents in the history of bioevolution. A possible evidence would be the anomalous abundance of certain nuclear isotopes with long half-lives transmuted by the GRB photons in geological records from the Cambrian period. Our notion also imposes constraints on the evolution of exoplanet organisms and the migration of panspermia.
There exists a unique "mass genesis" in Earth's history, that is the Cambrian explosion, the so-called "bioevolution's big bang", where diversification of life accentuated from around 540 to 520 Mya [1] . All major phila were established during that time (see Fig. 1 ). The origin of this Cambrian explosion remains a mystery ever since the mid 19th century. Charles Darwin in 1859 discussed about it in his famous treatise On the Origin of Species by Natural Selection as "one of the main objections that could be made against the theory of evolution by natural selection" [4] . "The controversy has changed character in the 150 years since this problem was first posed. But the central question, which remains unresolved, is: why did early animals wait until the Cambrian boundary to make their appearance?" [2] .
Since the Cambrian explosion, there had been five mass extinctions [3] . Extraterrestrial impacts such as asteroids, supernovae, and gamma ray bursts (GRB) have been proposed as the sources for some of these events [5, 6] . Here we suggest that the Cambrian explosion might have been triggered by a nearby GRB event. Due to a relatively lower cross section, but more importantly the conservation of photon number in Compton scattering, a fraction of the GRB photons can penetrate the en- * Electronic address: pisinchen@phys.ntu.edu.tw † Electronic address: ruffini@icra.it tire atmosphere to reach the sea level, albeit with a modified spectrum. Organisms under shelter or protected by a shallow layer of soil or water would possibly survive but suffer from induced DNA mutations, which resulted in accelerated bio-diversification.
We are interested in 'nearby' GRB events within our Milky Way galaxy in a relatively recent time, e.g., < 5 Gy. This means that our estimate of the GRB event rate should rely on the short bursts, whose estimate varies. One estimate gives one event per 0.1-1 My in Milky Way galaxy [7] . Coward et al. on the other hand estimated, based on the Swift satellite telescope data, a rate density of 8-1100 Gpc −3 y −1 [8] . Assuming 1 Mpc for the average distance between galaxies, this translates into a rate of one event per 1-5 My per galaxy. We shall take the reference value 1 per 5My −1 per galaxy in our discussion. As a rough estimate, we model Milky Way galaxy as a two-dimensional disk with a radius of 15 kpc. Then the distance for a GRB to occur once in Earth's entire history, for example, is d ∼ 500 pc (∼ 1500 lightyears) from the solar system.
Evidences show that the Cambrian atmosphere was predominantly made of nitrogen with a density that is comparable to the present level, while the abundance of oxygen was only a few percent of the present value [9] . So in our estimate we model the Cambrian atmosphere as
where n 0 ∼ 5 × 10 19 cm −3 is the present N 2 number density at the sea level, H ∼ 44 km the total thickness of the atmosphere, and k ∼ 5.5.
The photon-atom interaction cross section is dominated by three physical processes, namely the photoionization, the Compton scattering, and the e + e − pair production at low, medium and high energies, respectively [10] . For nitrogen atoms, the photoionization dominates for photon energies below ∼ 50 keV with the cross section [10] 
Mb, where x ≡ ν/m e , and m e ≈ 500 keV is the electron rest mass. It reduces drastically from ∼ 183 Mb at x ∼ 2 × 10 −5 to ∼ 4.5 b at x ∼ 0.1. In the range ∼ 50keV − 50MeV, Compton scattering dominates, with the cross section per nitrogen atom roughly equals to Z = 7 times the KleinNishina formula under the free-electron approximation:
where x and x are the initial and final photon energy, respectively, and θ is the angle between the two, which satisfy the kinematic relation:
The total cross section is obtained by integrating over the solid angle. It decreases mildly from 3.9 b at x = 0.1 to 0.1 b at x = 100. Finally at energies above ∼50 MeV, the photon energy loss is dominated by the pair production process, which is rather insensitive to photon energy and is at the sub-barn level.
As we will see below, the GRB spectrum diminishes at high energies. On the other hand, the portion dominated by photoionization, whose cross section is large, cannot survive to the sea level. Thus only the portion (x ∼ 0.1 − 100) dominated by Compton scattering may contribute effectively to the final flux at sea level. One salient character of Compton scattering is that the process preserves the photon number. In addition, a good fraction of the outgoing photon moves in the forward direction, which may survive to the sea level cascading through successive Compton scatterings. We will make such estimate below.
The GRB spectrum can be described by the Band function [11] (with α = −1, β = −2, for simplicity):
where x 0 is the break of the spectrum, typically x 0 ∼ O(1), i.e., a few hundred keV. We follow Melott et al. [6] to assume that the isotropic equivalent energy released by a GRB is ∼ 5 × 10 44 W. Then the flux of a GRB event at distance d is
8 erg/cm 2 /sec for x 0 = 1, with a corresponding
19 /erg/cm 2 /sec. The prompt signals of a short-burst typically lasts for 1-2 sec. So the total flux is roughly the same amount.
To estimate the final flux of GRB at the sea level, we employ a forward-cone approximation, where outgoing photon with angle θ > θ c = 1 is considered lost while inside this forward-cone an averaged out-going energy,
, is invoked in tracking the evolution of the Compton cascade. The result is plotted in Fig. 2 . The integrated GRB final flux is reduced from that of the initial by a factor ∼ 5 × 10 −5 . It is known that over-dosage of x-ray would induce DNA mutations [12, 13] . Experiments show that such induced mutations is much more effective than the spontaneous ones [14] . However, the effect is complex and thus difficult to be characterized quantitatively and generically. To put the issue in perspective, however, we may take the annual radiation dosage limit for a human body, ∼ 5 rem (1 rem ≡ 1 erg/g, or 1 erg/cm 3 for water) [15], as a reference. Such dosage limit should be commensurate with the number of cells of an organism. Primordial marine organisms are much smaller in size than modern humans, so the dosage limit should in principle be much lower than that for the human. The amount of radiation dosage estimated above would be fatal for organisms exposed in air. Luckily, most organisms in the Cambrian time were in shallow waters [1, 2] .
The mean-free-path of hard x-ray photons in water is l ∼ O(10) cm. Interacting with water molecules, these hard x-rays would soon cascade to softer photons and electron-positrons and deposit their energies to water and marine organisms. For a GRB event occurring at a dis- tance d = 500 pc, the energy deposition to the ocean surface water is roughly ∼ O(10 3 ) rem in the first meanfree-path. Marine organisms living several mean-freepaths below surface might survive the impact but suffer induced DNA mutations.
Unlike the 'big five' mass extinctions, Cambrian explosion is unique in that it apparently occurred without a companion mass extinction. GRB is the only one among all proposed terrestrial and extraterrestrial sources for mass extinctions that can provide an explanation to this mass genesis. Without an obvious precursor mass extinction, the Cambrian explosion cannot be explained by the decimation of the eco-system. But why did it wait for 3-4 Gy to happen? GRB occurred stochastically. As we have shown above, a nearby event that happened once every 5 Gy appears to provide the right amount of radiation for triggering induced DNA mutations for organisms in water. More distant, thus more frequent events, say that happened once per 100 My, would have a final flux at the sea level that is ∼ O(100) times weaker, which may not be as effective in triggering mass genesis.
If the same GRB event occurred in a different era that had a much denser atmosphere, then it would have much less impact on creatures. On the contrary, if the air was much thinner than today's, then it might have wiped out lives entirely. This may have implications to the extinction of life on Mars, whose atmosphere is much thinner.
One possible evidence for this proposed origin of Cambrian explosion would be the anomalous abundance of certain isotopes in geological records from the Cambrian period. In the "giant resonance" region of photonuclear reactions, which corresponds to photon energy ∼ 15 − 30 MeV, the cross sections are large and nuclear transmutation can be induced effectively [16] . Transmuted isotopes with half-lives ∼ O(100) My or longer may then leave imprints of this GRB incident.
Our notion also imposes constraints on exoplanet life and panspermia. Exoplanets within 500 pc from our solar system would subject to a similar stimulation of DNA mutations that would accelerate its bio-evolution if it has an atmosphere similar to that of the Earth. Unprotected primitive microscopic organisms carried by interstellar rocks may turn sterile after been exposed to GRB at certain distance. However, such seeds of panspermia would evade GRB destruction if its migration and colonization rate is faster than the GRB event rate within a volume of destruction.
